INTRODUCTION
Deformation of anatectic terranes is characterized by structural complexities related to signifi cant competency contrasts and heterogeneous volume changes caused by magma fl ow in response to pressure gradients across all relevant scales (McLellan, 1988; Davidson et al., 1994; Brown et al., 1995) . These complexities lead to atypical structures that make migmatites challenging to decipher. Nevertheless, understanding the evolution of anatectic terranes is a key element in understanding the structural evolution of many terranes (Brown and Solar, 1999) , as well as the genesis of crustal magmas and their segregation and extraction from the source (Sawyer, 1998) .
Granitic magma migration from its source to form plutons and batholiths is generally associated with contemporaneous deformation (Hollister and Crawford, 1986; Davidson et al., 1994; Collins and Sawyer, 1996; Sawyer, 1996; Brown and Rushmer, 1997; Brown and Solar, 1998a, 1998b; Vigneresse and Burg, 2000; Sawyer, 2001; Vanderhaeghe, 2001 Vanderhaeghe, , 2009 Weinberg and Mark, 2008; Kruckenberg et al., 2010; McFadden et al., 2010) . Pressure gradients arise during continental deformation that adds to magma buoyancy to drive magma migration (Robin, 1979; Sawyer, 1994; Brown et al., 1995; Mancktelow, 2006; Weinberg et al., 2009 ). The role of melt buoyancy in controlling magma migration has been much debated. At the large scale, melt buoyancy can drive either diapirs (Cruden, 1988; Weinberg and Podlatchikov, 1994; Kruckenberg et al., 2011) or control crack propagation and magma diking through brittle or ductile fracturing of the crust (Lister and Kerr, 1991; Rubin, 1993a Rubin, , 1993b Petford et al., 2000; Weinberg and Regenauer-Lieb, 2010) . However, at the submillimeter to meter scale, the role of buoyancy is either negligible or obscured by contemporaneous deformation. Compaction as a mechanism for driving melt out of the source (McKenzie, 1984 ) is thought to be negligible because of the high viscosity of silicic melts (Wickham, 1987; Rabinowicz and Vigneresse, 2004) . Instead, melt segregation is thought to be driven by pressure gradients (Robin, 1979; Stevenson, 1989; Sawyer, 1994; Brown et al., 1995; Rutter and Neumann, 1995; Mancktelow, 2006) or by channeling during simple shear (Rabinowicz and Vigneresse, 2004) .
The ways in which magma migration and deformation interact vary depending on the nature of the melting process, such as melt reaction, melt production rates, viscosities and permeability evolution, and the nature of deformation and pressure gradients driving magma migration (Clemens and Mawer, 1992; Sawyer, 1994; Rushmer, 2001; Rabinowicz and Vigneresse , 2004; Sawyer and Brown, 2008) . This paper contributes to the discussion by investigating the structural evolution of migmatites that formed during anatexis related to the Cambrian Delamerian orogeny exposed in coastal outcrops of the Kanmantoo Group on Kangaroo Island, South Australia. We use these exposures to explore different aspects of magma migration and deformation.
We start with a brief description of the regional geology, followed by a brief overview of the main features of metatexites and diatexites in the region, and a general description of the four main phases of deformation documented in the migmatites. In order to constrain the duration of the anatexis, we present U-Pb SHRIMP ages of monazites. This is then followed by a detailed description of key features that link magma migration and deformation. First, we describe features of magma migration during an early folding event, followed by features developed during oblique normal-dextral shearing. We fi nish with a description of late-to postkinematic magma migration with a number of features indicative of magma fl ow direction, similar to dewatering structures in soft sediments.
REGIONAL GEOLOGY
Kangaroo Island forms part of the Adelaide fold-and-thrust belt and is divided into two main tectonostratigraphic units deformed during the Late Cambrian to Early Ordovician, 514-490 Ma Delamerian orogeny (Foden et al., 2006) . The two units are separated by the major E-W-trending Kangaroo Island shear zone (KISZ, Fig. 1 ). North of the shear zone, an ~1-2-km-thick clastic sedimentary sequence, known as the Kangaroo Island Group (Fig. 1) , overlies the Gawler craton (Flöttmann and Cockshell, 1996) . South of the shear zone, there is an ~8-km-thick turbiditic, immature graywacke metasedimentary sequence known as the Kanmantoo Group ( Fig. 1 ; Haines et al., 2001) , which represents the protolith to the migmatites studied here.
Sedimentation of the Kanmantoo Group began around 522 Ma (Cooper et al., 1992; Jenkins and Sandiford, 1992) and proceeded rapidly (Jago et al., 2003) , with the likely sediment source being the eroding uplifted Ross orogen, which had begun ~18 m.y. prior at ca. 540 Ma (Foden et al., 2006) . Sedimentation was possibly in a tear basin (Flöttmann et al., 1998) or pull-apart basin (Foden et al., 2006) that formed adjacent to a proposed major shear zone between Australia and Antarctica, which may have separated the Ross and Delamerian orogens during the accretion of Gondwana. Zircon provenance ages support the Ross orogenic belt as the likely sediment source rather than the Proterozoic Gawler craton (Ireland et al., 1998) .
The onset of Delamerian orogenic crustal shortening in SE Australia at 514 ± 4 Ma (Foden et al., 1999) terminated Kanmantoo Group sedimentation and initiated basin inversion and the deformation of the Kanmantoo Group, forming what is now the Adelaide fold-and-thrust belt. Crustal convergence resulted in metamorphism and multiple deformation phases. Low-pressure-high-temperature "Buchan-style" peak metamorphism was associated with the fi rst phase of deformation, D 1 , reaching upper amphibolite facies (Sandiford et al., 1990) , with temperatures up to 650 °C and pressures of 3-4 kbar (Offl er and Fleming, 1968; Dymoke and Sandiford, 1992; Sandiford et al., 1995) .
Three phases of shortening are recognized in the southern Adelaide fold-and-thrust belt (Offl er and Fleming, 1968; Flint and Grady, 1979; Fleming and White, 1984; Mancktelow, 1990; Belperio and Flint, 1993) . The fi rst, D 1 , resulted in the most widespread effects (Mancktelow, 1990) , and, on the island, it gave rise to N-directed thrust faulting and folding and a penetrative, axial-planar S 1 slaty cleavage/schistosity (Flint and Grady, 1979; Belperio et al., 1998) . Flint and Grady (1979) Flint and Grady, 1979) . Following the D 3 event, a relaxation of compressive forces with the waning of the Delamerian orogeny was associated with the onset of broadly E-Wdirected extension and intrusion of 500 ± 7 Ma (SHRIMP U-Pb analysis of zircons; Fanning, 1990 ) NW-trending rhyodacite dikes on Kangaroo Island (Foden et al., 2002) .
Numerous I-and S-type granitic intrusions of Delamerian age outcrop along the southern coast of Kangaroo Island. Here, a K-feldspar megacrystic granite transitional between I-and S-type was dated at 503 ± 4 Ma (and leucogranite was dated at 504 ± 1 Ma; Fanning, 1990) . Leucosomes in migmatites produced in association with these granitic intrusions (Foden et al., 2002) yielded monazite U-Pb LA-ICP-MS (laser ablation-inductively coupled plasmamass spectrometry) ages of ca. 498-488 Ma, with mean average age of 494 ± 4 Ma (Tassone, 2008) , coincident with the waning phases of the Delamerian orogeny and transition from convergent to extensional tectonics (Foden et al., 2006) . This transition was followed by a change from syntectonic I-and S-types to undeformed A-type granitic intrusions, which mark the termination of the Delamerian orogeny at around 490 ± 3 Ma (Foden et al., 2002 (Foden et al., , 2006 . The age of peak metamorphism in the Kangaroo Island Group was determined by U-Pb LA-ICP-MS in monazites from an amphibolite-facies metasedimentary rock from Harvey's Return on the northwestern coast of Kangaroo Island (Fig. 1) , and it yielded an age of 516 ± 7 Ma (Tassone , 2008) .
Melting recorded by the migmatites on the south of the island has been interpreted to be a result of muscovite-dehydration reactions. This interpretation is based on the rare presence of sillimanite, which, when preserved, is surrounded by muscovite, and the extensive presence of randomly oriented muscovite in the migmatites, thought to be a result of retrogression of sillimanite produced during melting (Tassone, 2008) . Biotite is apparently stable, and the absence of other peritectic minerals suggests that metamorphic conditions did not reach biotite-dehydration melting reactions at the exposure levels. Garnet is only rarely found and is not peritectic, but it is present in mesosomes refl ecting peak amphibolite-facies conditions. Sills of leucogranites in metatexites close to Cape Kersaint (Fig. 1 ) also contain occasional, up to 10-cm-wide irregular pods of almandine-rich garnet, and it has been suggested that this garnet-leucogranite represents a fractionation product of melt derived from biotite-dehydration melting in unexposed hotter parts of the anatectic terrane (Foden et al., 2002) .
RESULTS
On the southern coast of Kangaroo Island there are complex outcrops consisting of a variety of migmatites intruded by granitic dikes and granitic plutons with a variety of modal proportions of minerals and fabrics.
Migmatites
Metatexites are migmatites that remain coherent during melting so that layers preserve continuity. Leucocratic material, typically consisting of granular quartz, plagioclase, and K-feldspar, forms leucosomes and represents a combination of crystallized products from former melt and residual material of the melting reaction. Melanosomes consisting of biotite ± muscovite represent solid material and melting reaction products left behind after melt segregation. Leucosomes with melanocratic borders and diffuse boundaries against the adjacent rock are interpreted to be in situ, whereas those with sharp boundaries and no melanocratic borders are interpreted to be intrusive but still in source. Metatexites on Kangaroo Island are generally stromatic, but patch and network metatexites (Sawyer, 2008) are also found, and leucosomes vary in modal composition from granite to tonalite.
Diatexites are dominated by neosome, or newly formed rock, and they occur where original mesosome/paleosome layers lose continuity and become either isolated blocks in a heterogeneous magmatic rock (schollen), or where they are disaggregated into planar or irregular accumulations of mafi c minerals (schlieren) (see Brown, 1973; Sawyer, 2008) . Diatexites are typically coarse grained, containing quartz, plagioclase, K-feldspar, biotite, muscovite and tourmaline (neosome). They are compositionally heterogeneous with leuco cratic granular patches (leucosomes), biotite and muscovite selvages and pods, forming numerous schollen and schlieren (Fig. 2) . Schollen representing different degrees of partially melted Kanmantoo Group rocks have a variety of shapes, sometimes with internal layering parallel to foliation in the surrounding diatexite, and sometimes at high angles to it (Fig. 2) . Schollen are commonly deformed, and their asymmetric shapes indicate shear sense ( Fig. 2A ; Sawyer, 1998) . Many larger psammo-pelitic schollen contain ptygmatically folded leucosomes ( Figs. 2A and 2B ), which generally have narrow melanocratic rims, rich in biotite and indicate a high degree of shortening possibly prior to magma crystallization. Schlieren of biotite and muscovite are common in Kangaroo Island diatexites and are up to 2 cm wide and a few meters long (Figs. 2A and 2D) . Diatexites are intruded in places by magmas forming irregular dikes with irregular margins and varying widths, suggesting intrusion while the diatexite was still partially molten (Fig. 2C) . Diatexites grade into either metatexite or into enclave-rich granite. The boundary between diatexite and granite is subjective, and following Sawyer (1998) , the term granite is used if the neosome texture is uniform (fewer schlieren and inclusions).
Structural Evolution
We documented four deformation events in anatectic rocks on the southern coast of the island (Figs. 3 and 4) . Typically, two or more deformation events could be determined in a single outcrop, and their kinematics and relative ages were brought together to defi ne the history of deformation. The deformation phases so determined do not match the ones determined by previous workers on lowergrade metamorphic rocks to the north and described previously herein. All four events were associated with the presence of melt, as evidenced by a continuous link between in situ leucosomes and intrusive leucocratic magma into shear zones and fold hinges. In this section, we present a broad summary of these phases before focusing on magma behavior during deformation.
First Deformation Phase (D 1 )
D 1 is generally preserved as small (deci meterscale) tight to isoclinal folds refolded by and preserved on the limbs of D 2 folds (Figs. 3A and 3B) . D 1 folds are associated with a well-developed, intense lineation, L 1 , generally plunging gently NNE-SSW and parallel to the F 1 fold axis (Fig. 3A) . L 1 is pervasive in metatexites and typically at high angle to F 2 fold axes and is folded by F 2 , causing deviations from the original trend (Figs. 3A and 3E) .
At Six Mile Lagoon (outcrop 6ML7; 36°01′23.4″S, 137° 05′38.0″E; Fig. 1 ), there is a 50-m-wide zone of diatexite characterized by subvertical foliation defi ned by schlieren and aligned schollen, striking NW (~300°). In amongst the schollen, there are isoclinal, rootless fold hinges. This zone is in irregular, partly conformable contact with metatexites inter layered with diatexites to the east. The metatexites have the same attitude, but they are overprinted by narrow, thrust planes trending ~050°/20-30°N, containing leucosomes ( Fig.  3C ) and associated with isoclinal, recumbent folds. These defl ect migmatite layering into parasitic, asymmetric folds with axial-planar leucosomes (Fig. 3D ).
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The isoclinal folds and the steep, NW-trending diatexite layering and foliation are interpreted to have developed in the earlier part of D 1 deformation, and to have steepened due to strain accumulation. These early structures were then rejuvenated by the development of new D 1 lowangle thrusts with asymmetric folds that allowed for continued shortening. These structures are all kinematically compatible and are overprinted by all other deformation events, and this is why they are interpreted to record the earliest deformation phase affecting the migmatites. The presence of leucosomes in axial-planar orientation in asymmetric folds associated with thrust planes and in the thrust planes themselves (Figs. 3C and 3D) suggests that melt was present during deformation.
We note, however, that the diatexite layering and its steep NW-trending attitude do not provide enough information to defi ne whether they represent an earlier deformation phase or whether they were indeed structures that were part of D 1 that became steepened. We therefore defi ne the fi rst deformation D 1 phase as including the thrusting and asymmetric folding, and we tentatively place the earlier steep foliation and its rootless folds within the same deformation.
Second Deformation Phase (D 2 )
D 2 is well preserved in metatexites west of Point Ellen, in Vivonne Bay (outcrop VB2; 35°59′56″S, 137°11′11″E; Fig. 1 ). Here, it is characterized by open, rounded, and upright folds with wavelengths of 10-15 m and 1 to 2 m amplitude (Fig. 3E) . Folds are typically noncylindrical, with antiforms and synforms merging along the trend of the folds. Folds generally plunge gently to the west and have axial-planar orientation approximately E-W, lacking axialplanar foliation (Fig. 3E) . Similar features were found further west (outcrop VB6; 36°00′38.9″S, 137°10′12.6″E; Fig. 1 ), but here the folds plunge 20-30°ENE. D 2 folds overprint and rotate welldeveloped L 1 and preserve F 1 isoclinal folds on its limbs (Figs. 3A and 3B) . D 2 could potentially be related to the regional D 1 described in the literature, responsible for N-directed thrusting and E-W-trending folds mapped in the northern part of the island (Flint and Grady, 1979) .
Third Deformation Phase (D 3 )
Rocks folded by D 2 are overprinted by normal shear zones trending N-S, forming a conjugate pair containing leucosomes (Figs. 4A and 4B) . This phase is best developed in outcrop VB6 ( Fig. 1) , where at the outcrop scale, it is represented by a N-trending normal shear zone bending F 2 fold limbs. At the decimeter scale, it is represented by leucosome-fi lled conjugate shear zones that give rise to centimeter-scale, N-trending ridges on exposed surfaces (Fig.  4A) . Combined, these features defi ne an E-W extensional event postdating D 2 .
Fourth Deformation Phase (D 4 )
D 4 is characterized by dextral-normal shear zones, also fi lled with leucosomes (Figs. 4C and 4D) and occasionally associated with wide pegmatite intrusions and ~1-m-wide granitic bands containing schlieren. These late structures overprint all previous deformation phases (e.g., D 2 folds, D 3 shear zones in outcrop VB6, and D 1 structures in outcrop 6ML7) and are not overprinted by any later structures. In outcrop VB6, D 4 is characterized by ENE-WSW steep shear zones fi lled with leucosomes that are continuously linked with layer-parallel, in situ leucosomes, and it is therefore interpreted to be a synmagmatic deformation event. Some D 4 shear zones have a brittle appearance ( Fig.  4C ), such as described by Davidson et al. (1994) . D 4 is responsible for the shearing of the 
U-Pb Monazite Geochronology
In order to constrain the duration of anatexis and to determine the timing of the different anatectic/deformation events, we collected two samples of granitic rock from within the diatexites in Six Mile Lagoon ( Fig. 1 ): one from within the earliest D 1 deformation (sample 6ML7a) and one from the latest D 4 deformation (sample 6ML1a).
Methodology
Each sample was crushed and milled, and monazite grains were separated and mounted in epoxy resin together with monazite 44069 standard (425 ± 1 Ma; Aleinikoff et al., 2006) . The mount was then polished. Prior to analysis, all monazite grains were photographed in transmitted and refl ected light, as well as imaged by backscattered electrons (BSE) on the scanning electron microscope. This allowed us to identify pristine areas for analysis and to determine if multiple age components (e.g., cores and overgrowths) were present. Monazites were dated using the SHRIMP II at the Research School of Earth Sciences at the Australian National University (ANU). Analytical procedure for monazite dating followed methods described in Williams et al. (1996) . The SHRIMP raw data were reduced with SQUID 2 program (Ludwig, 2001 ; http://sourceforge. net/projects/squid2/fi les). Isotopic age data for the two samples are given in Table 1 ; uncertainties given for individual analyses (ratios and ages) are 1σ values.
Results
Monazites from both samples (6ML7a and 6ML1a) are euhedral to round in shape and small, ranging in size from 50 µm to 150 µm (Fig. 5 ). Monazite grains are either homogeneous, with no zoning visible in BSE, or they have visible concentric to slightly patchy zoning (Figs. 5C and 5F). The latter type is present in the D 1 diatexite sample (6LM7a), in contrast to monazite grains from the D 4 diatexite sample (6ML1a), where the homogeneous grains dominate, and only a few grains reveal core and rim texture (Figs. 5C and 5F). There is no relationship between monazite size and zoning.
All monazite data lie slightly above the concordia, yielding reversely discordant isotope ratios (Figs. 5A and 5C). Reverse discordance is a common feature of U-Pb monazite data and is thought to indicate 230 Th disequilibrium (Schärer, 1984; Parrish, 1990; Hawkins and Bowring, 1997) . However, reverse discordance is rarely observed in SHRIMP monazite data, and additionally we do not observe any correlation between the degree of discordance and the concentration of either Th or Th/U (Table 1) . Therefore, we suggest that reverse discordance resulted from the very high U concentrations in these studied monazites (5000-19,000 ppm; Table 1 ). Very high U areas, when analyzed by SHRIMP, usually give anomalously old 206 Pb/ 238 U ratios/ages because the Pb is preferentially sputtered, and the high U does not match the U of the reference monazite (2500 ppm) used to calibrate the U/Pb ratios (Stern and Berman, 2000; Williams and Hergt, 2000; White and Ireland, 2012) . As a consequence, we regard 207 Pb/ 206 Pb as the most reliable estimates of the ages of these monazites and use these for further discussion. on July 8, 2013 gsabulletin.gsapubs.org Downloaded from D 1 diatexite (sample 6ML7a). Fourteen spots on fi ve monazites were analyzed in sample 6ML7a. The monazite fraction in this sample was very limited, with only a few grains present, and therefore no more grains could be analyzed. All analyses are slightly reversely discordant (xdisc. % = -5; Fig. 5A Pb ages from 499 ± 12 Ma to 469 ± 6 Ma (Fig. 5A) . The probability density plot shows one broad peak including all data (Fig. 5A) . However, all monazite grains reveal zoning, with systematic age differences between their cores and rims (Fig. 5C ). Seven monazite rim analyses yield slightly younger 207 Pb/ 206 Pb ages, between 480 ± 7 Ma and 470 ± 12 Ma (Fig. 5B) . The seven monazite core analy ses yield 207 Pb/ 206 Pb ages between 499 ± 12 Ma and 480 ± 10 Ma (Fig. 5B) .
D 4 diatexite (sample 6ML1a). Twenty-six spots on 16 mounted monazites were analyzed in sample 6ML1a. All analyses are reversely discordant (xdisc. % = -8; Fig. 5D Pb ages from 493 ± 6 Ma to 461 ± 5 Ma (Fig.  5D ). The high mean square of weighted deviates (MSWD) of 2.7 for all analyses suggests excess scatter, and the probability density plot shows one broad peak including all data (Fig.  5D ). As mentioned, only some monazite grains in this sample are zoned. These reveal systematic age differences between cores and rims (Figs. 5E and 5F). We therefore processed core and rim data separately. Importantly, homogeneous monazite grains yield similar ages to the rim ages of zoned monazites (Figs. 5E and 5F); therefore, we decided to further evaluate the two together. In total, 15 rim and homogeneous monazite analyses reveal Pb ages between 493 ± 6 Ma and 480 ± 5 Ma (Fig. 5E) .
Altogether, both dated samples have a similar extent of continuous ages from ca. 495 Ma to ca. 465 Ma (Fig. 5) . The data for each sample can be split into rims and cores defi ning two slightly different age groups of ca. 495-480 Ma and ca. 480-465 Ma. We suggest that the continuous spread of recorded ages in both samples records the span of anatexis (~30 m.y.) and that the two age ranges refl ected in each sample mark the onset of monazite growth (older ages) and then further monazite growth closer to the solidus during cooling. Accordingly, we suggest that any weighted mean calculation would yield an arbitrary mixed date that would not be of any geological signifi cance.
MIGMATITE DEFORMATION AND MAGMA MIGRATION
This section focuses on structures developed during the D 2 , D 4 , and late-to post-D 4 deformation events, and their relation to magma migration.
D 2 Folding and Axial-Planar Migration
Relationships between D 2 folding and magma migration in metatexites are well exposed west of Vivonne Bay in outcrop VB2 (Figs. 1 and 6) . A key feature of these migmatites is that leucosomes form an interconnected network linking layer-parallel leucosomes with in-source C N S Pb that is common Pb. § For % disc, 0% denotes a concordant analysis.
on July 8, 2013 gsabulletin.gsapubs.org Downloaded from leucosomes /sheets that converge toward antiformal hinge zones (Fig. 6A) . Where this array of leuco somes is more intense, rock continuity in and around the hinge is disrupted, giving rise to a mobile diatexite sheet (Fig. 6A) .
Layer-parallel leucosomes are linked continuously with long, narrow sheets of diatexite oriented at high angles to metatexite layering. Leucosomes on both sides of the high-angle sheet bend in the same direction (unidirectional bending), creating a cuspate and pierced fold hinge. Leucosomes form a funnel-shaped network converging toward a central channel (Fig.  6B) . Diatexite sheets are roughly parallel to the axial-planar orientation of the folds and are commonly, but not always, found cutting across, breaking up, and transposing fold hinges, causing sharp truncations of metatexite layering (Fig. 6A ).
An associated feature is the truncation of S 0 by sharp faults in the vicinity of hinge zones (Figs. 6C and 6D ). These faults are asymmetric in that the block on one side of the fault is cut sharply by the fault, whereas the block on the other side is dragged, so that bedding planes, S 0 , rotate into parallelism with the fault plane (Fig.  6C) . Typically, the block that includes the hinge zone of the fold is truncated, whereas the block that contains the limb is dragged down. The fault plane is commonly, but not always, fi lled with enclave-rich diatexite, which is linked continuously with leucosomes (Figs. 6C and  6D ). On subhorizontal outcrops, which are nearly perpendicular to the upright axial plane of the folds, the same faults can be recognized by the truncation of S 0 by a diatexite band on on July 8, 2013 gsabulletin.gsapubs.org Downloaded from one side of the fault and by conformity between the two on the other side (Fig. 7) . In some cases, the sharp truncating fault planes are fi lled with irregular, amalgamated blocks of schollen , folded and stretched, separated by narrow leucogranitic heterogeneous rock (Fig. 7) .
On a microscale, metatexites generally lack evidence of solid-state internal deformation. Only locally do quartz grains show incipient subgrain boundaries, locally defi ning a weak chessboard pattern (Fig. 8A) , indicating high temperatures (>700 °C) within the stability fi eld of high quartz (Kruhl, 1996) . Leucosomes consist of Qtz + Pl + Kfs ± Bt ± Ms ± Tur ± Zrn ± Mnz (abbreviations after Kretz, 1983) . Coarse-grained quartz, plagioclase, and K-feldspar in leucosomes preserve igneous textures with euhedral grain shapes and small interstitial quartz grains. Plagioclase is commonly found as strongly corroded inclusions in tartantwinned K-feldspars (Fig. 8B) . Quartz grain bound aries when facing feldspars are strongly curved, resulting in amoeboidal shapes (Gower and Simpson, 1992 ) with delicate and numerous embayments indicating corroded magmatic grain boundaries (Fig. 8C) . Mesosomes consist of Qtz + Pl + Kfs ± Bt ± Ms and typiucally have polygonal "foam-like" texture indicating static recrystallization (Fig. 8D) . Combined, these features indicate weak to negligible solid-state, postanatectic deformation (see Sawyer, 1998) .
D 4 Dextral Shearing and Diatexite Deformation
This section describes a 300-m-long diatexite exposure along the Six Mile Lagoon coast (outcrop 6ML1). Diatexites here preserve structural features that demonstrate the nature of deformation and magma migration. This outcrop has numerous sigma-shaped schollen linked with on July 8, 2013 gsabulletin.gsapubs.org Downloaded from schlieren, which together defi ne asymmetric patterns indicative of dextral shearing (Fig. 9) . This interpreted shear sense is further supported by two orientations of the foliations in surrounding diatexites defi ned by schlieren and stretched schollen: a dominant and continuous foliation oriented ~075°/60°N and a less dominant foliation trending ~015°/70°W, which is dragged into the dominant one (Fig. 9A) , defi ning an S-C pattern. Shear planes are spaced by approximately 1 m, which is also the typical length of the larger schollen (Fig. 9A) .
Diatexite layers parallel to the dominant C plane are more granitic, with fewer and smaller schlieren and schollen, than diatexite layers aligned along the interpreted S planes in between schollen. The latter have a more intense schlieren foliation marked by more numerous and more elongated biotite pods and schlieren. This difference is interpreted as indicative of melt transfer from shortened S plane to C planes, as would result from deformation including a transtensional component of deformation. In detail, many leucosomes inside the schollen are continuous with the surrounding diatexite (Fig.  9B) , indicative of contemporaneous presence of melt inside and outside the schollen. The interpreted synmagmatic dextral shear zones trending ~075° are further interpreted as being part of D 4 . This is because of similarity in shear sense and orientation with smaller D 4 shear zones (see previous analysis and Figures 4C, 4D , and 9A), and because it lacks other overprinting deformation phases.
At microscale, similar to metatexites (Fig. 8) , diatexites show only incipient to weak deformation. Leucosomes consist of Qtz + Pl + Kfs ± Bt ± Ms ± Tur ± Zrn ± Mnz and have typical igneous textures, such as euhedral plagio clase and interstitial, generally undeformed quartz grains. Most quartz grains lack a record of internal deformation, with only a few grains showing incipient undulose extinction. Incipient deformation is also indicated by K-feldspar grains, which have localized development of tartan twinning (e.g., Eggleton, 1979; Vernon, 2004) . Mesosomes consist of Qtz + Pl + Kfs ± Bt ± Ms, and the felsic grains form a polygonal mosaic indicative of static recrystallization. Combined, these features suggest that fl ow probably took place in the partially melted state (see Sawyer , 1998) .
Late-to Post-D 4 Magma Migration
This section focuses on diatexite-fi lled structures that crosscut the main D 4 shear-related structures, and therefore are interpreted to postdate this main dextral-normal movement (Fig.  10) . These diatexite-fi lled structures are well displayed in exposures at Six Mile Lagoon (outcrop 6ML1). Beyond the sheared schollen described in the previous section (Fig. 9A) , the most obvious feature of this outcrop is the presence of several, meter-long magmatic (diatexitic ) sheets or irregular dikes that are directly linked with leucosomes in surrounding migmatites (Fig.  10) . These sheets are heterogeneous, varying in composition from leucogranitic and leucotonalitic to heterogeneous, biotite-rich diatexites varying in grain size and proportion of schlieren and schollen (Figs. 10B-10D ). They also have an internal foliation (Figs. 10B and 10C) that could have resulted from magmatic fl ow intensifying where a funnel narrows (Fig. 10B) or from to melt loss or in response to residual stresses. The magmatic sheets are reminiscent of the axial-planar diatexite sheets associated with D 2 folds described earlier herein (Fig. 6) . They trend dominantly N-S, generally at a high angle to D 4 structures, and dip steeply (Fig. 10A) . Their orientation is approximately parallel to the interpreted S planes related to dextral shearing during D 4 (Fig. 10A) . Surrounding leucosomes are generally bent unidirectionally toward the central sheet in its immediate vicinity, forming a funnel-shaped structure with ill-defi ned margins (Figs. 10B and 10C ). The central sheet may either be continuous with surrounding leuco somes or may truncate them, and this may vary along the sheet margins over tens of centimeters (Fig. 10C) . Many magmatic sheets are internally complex, with irregular layering, disrupted and stretched rafts, and commonly have multiple meter-long schlieren (Fig. 10D) . These schlieren are commonly, but not always, on July 8, 2013 gsabulletin.gsapubs.org Downloaded from developed at sheet margins, and occasionally a single schlieren bifurcates around a solid inclusion or a schollen (Fig. 10D) . In some places, larger schollen trending parallel to the dominant shear foliation (ENE-WSW) are bounded on either side by these N-S-trending sheets (Figs.  10C and 11A) . Leucosomes in the schollen can be linked directly to leucogranite in the sheets, and both sides of the schollen are bent to the north (unidirectional bending), leading to a broad U shape (Fig. 11) . This is indicative of the continued presence of melt from D 4 shearing to post-D 4 magma extraction.
These irregular, heterogeneous sheets may also be linked with metric equidimensional bodies of leucogranite with ill-defi ned margins against diatexite. In one case the irregular leucogranite body contains equidimensional biotiterich schollen <10 cm in diameter, and it links with a funnel-shaped region, narrowing to the north, in which schollen become increasingly elongated defi ning a N-S foliation parallel to the funnel walls. Further to the east (outcrop 6ML2; 36°01′16.2″S, 137°03′24.3″E), the diatexite grades into an enclave-rich granite with schlieren similar to those in the diatexite (Fig.  12) . Unlike the diatexite, the dominant fabric in the granite is roughly N-S, marked by the orientation of meter-scale schlieren and oriented migma titic enclaves (Fig. 12) . This suggests transposition of the fabric of the migmatitic proto lith within these magmatic bodies.
Like D 4 , these late features developed in the presence of magma in the diatexite, but they are either late-D 4 or postdate the fabric developed during D 4 , lacking clear evidence of being associated with an externally driven deformation event (Fig. 10) . Leucosomes and melanosomes are dragged into N-S-trending sheets funneling to the north, at high angle to the dominant D 4 shear plane (Figs. 10 and 11A ). These sheets are interpreted as magma channels or dikes that tapped a mobile diatexite and drained them toward the north (Fig. 10A) .
DISCUSSION
Migmatites on Kangaroo Island reveal complex structural patterns as a result of magma migration and multiple deformation events. This section starts with a discussion of the timing of anatexis and is followed by a discussion of the evolution of deformation and infl uence on magma extraction and migration. We suggest contrasting behavior during early folding, when antiform hinges served as natural focusing paths for magmas, and during later oblique normal-dextral shearing, when dilational deformation led preferentially to magma accumulation rather than migration. As deformation was waning, magma was further extracted from leucosomes into channels by either magma buoyancy or residual pressure differences at large scale. These late-to postkinematic magma migration structures are comparable to structures that develop during dewatering in soft sediments.
Duration of Anatexis
Timing of anatexis on Kangaroo Island was studied by Tassone (2008) , who dated monazites (U-Pb LA-ICP-MS) in leucosomes and mesosomes in migmatites in Vivonne Bay, Six Mile Lagoon, and Stun Sail Boom (Fig. 1) . Tassone (2008) obtained ages between ca. 498 Ma and 488 Ma (considering the spread of average ages of all samples; single age distribution spreads between 557 Ma and 411 Ma), with mean weighted average of 493.6 ± 4.0 Ma, and interpreted these ages as crystallization ages. This implies that partial melting occurred late, just prior to the cessation of the Delamerian orogeny (Foden et al., 2006 ). Tassone's (2008) ages have a signifi cant age spread (>10 m.y.), but no satisfactory explanation for the age spread is provided.
Our monazite geochronology data show for each sample a continuous age spread between ca. 495 Ma and 465 Ma ( Fig. 5; Table 1 ), which matches the age range described by Tassone (2008) . However, our ages seem to be slightly younger, which might be a result of our choice of using the more reliable 207 Pb/ 206 Pb ages for these reversely discordant and very U-rich monazites (e.g., Stern and Berman, 2000; White and Ireland, 2012 Pb ages, he did not present U or Th concentrations for his monazites. Therefore, it is diffi cult to make further comparisons.
The spread of ages in our two samples is a common feature in high-grade rocks, especially those that have undergone a partial melting event (Foster et al., 2002 (Foster et al., , 2004 . Foster et al. (2002) concluded that the age dispersal in high-grade rocks results either from growth/recrystallization of monazite during a single metamorphic event or discontinuous growth during several events. Like Foster et al., we consider the continuous age spread to indicate the broad duration of the partial melting event, which therefore lasted between ca. 495 Ma and ca. 465 Ma.
Both our samples show zoned monazites with a similar range of core ages Figs. 5B and 5E) and rim ages Figs. 5B and 5E) . Although these two age groups overlap, they are distinguished based on textural observations (cores and rims of monazites). When magma starts to crystallize, monazite grains begin to nucleate. These monazites grow while new monazites nucleate as the magma cools. This results in zoned monazites refl ecting grain growth, and also in homogeneous, nonzoned monazites that were either reset or nucleated last, as observed in our samples (Fig. 5) . Monazites in both our samples have a similar grain size range, 50-150 µm, Different sections of the outcropping migmatites reached maximum melt fraction at different times, as indicated by the dominant syn-magmatic structures recorded. This means that while a particular section may still have had significant melt volumes, others may have solidifi ed. Kelsey et al. (2008) showed that most monazite growth occurs close to the solidus, where lowvolume melts crystallize over a narrow range of temperatures. This would imply that either mona zite grains grew at different times in different outcrops, or that the system as a whole stayed close to the solidus for a considerable time and recorded the same age range. The latter seems to be the option supported by the data.
In the regional context of rising and falling temperatures, leading to peak anatectic conditions, the age ranges determined mark the beginning and end of monazite growth. These ages overlap broadly, but not necessarily precisely, with the anatectic period. Thus, taken together, the monazite ages indicate that anatexis may have lasted over 30 m.y. The older ages mark the onset of monazite growth and the younger monazite grains grew close to the regional solidus. An alternative interpretation is that radiogenic Pb-loss led to an apparent dispersion in ages during the youngest event pulling the older ages towards the younger ones. In this case, there may have been two distinct melting events.
Magma Channeling during Folding: Hinge Disruption and Transposition, Limb Collapse
The features depicted in Figure 6 are interpreted as recording a magma escape network that developed contemporaneously with folding. Fold initiation created pressure gradients that focused magma migration toward incipient antiforms and caused volume loss at fold limbs. The process led to fold amplifi cation and disaggregation of magma-rich fold hinge zones, to form diatexites that gradually became interconnected, allowing magma escape, limb collapse, and rotation of blocks (Fig. 6) . The funneling direction of the leucosome network is interpreted as indicating the direction of magma fl ow (Fig. 6B) , and the network itself is interpreted to represent the root zones of axial-planar dia texitic or granitic dikes (see cusp folds in Weinberg and Mark, 2008) . The cases where the central channel is composed of amalgamated blocks of source rock are interpreted as the remainders of a diatexite where the interstitial mobile magma escaped, leaving behind a schollen aggregate.
The process of magma migration during folding described here was inferred from relatively small features. However, it is plausible that the same processes lead to larger-scale features. For example, the process could explain common meter-scale examples of truncation of metatexites along axial-planar orientations by diatexite bands or "dirty" granites (Fig. 13) .
Folding and magma migration can also lead to complex features. Figure 14A depicts complex relationships among magma migration, folding, shearing, and boudins, exemplifying the diffi culties in interpreting migmatite terranes. The fi gure can be interpreted as a root zone of a magma channel fed from both a cuspate fold hinge zone and from a shear band, linked continuously with layer-parallel leucosomes (lower right). The main channel (emphasized by black dashed line) seems to be crossing through a boudin neck. The complexities depicted are interpreted as representing the local history of heterogeneous magma extraction and structural development.
In summary, magma extraction from folded metatexites occurs through magmatic dikes developed in the hinge zones of antiforms. They result from the funneling of a network of leucosomes toward the hinge zones (Figs. 6B and  14B ). Magma migration drags the meta texite, forming cusp-shaped fold hinges, or shear zones, and disaggregates the solid mass to form schollen-rich diatexites. Melt-lubricated faults allow for magma extraction and limb collapse (Fig.  14B ). This process is responsible for transposed axial-planar regions of amalgamated blocks of source rock (schollen) left behind after magma is extracted (Figs. 6B and 11A ).
Shearing of Diatexites and Schollen
The diatexites from Six Mile Lagoon preserve only locally coherent structures related to Typically, a fl uid is unable to impart significant shear stress to a solid. However, features such as those shown in Figure 13 are common and show how intrusive granite dikelets are capable of dragging layers in the surrounding schollen. More generally, the fact that schollen were sheared within a partially molten dia texite during D 4 indicates low viscosity contrasts between the two. This may have been a result of the presence of a signifi cant melt fraction in the schollen (>7%; Rosenberg and Handy, 2005) and the presence of a signifi cant amount of solids in the diatexite.
Late-to Postkinematic Magma Drainage
The N-S-trending dikes documented at Six Mile Lagoon postdate D 4 dextral-normal shearing (Fig. 10) . This is evidenced by the bending, transposition, and truncation of the dominant D 4 shear planes, originally oriented at a high angle to the dikes. These dikes are interpreted as late-to postkinematic because they are not obviously associated with any independent, forced deformation of the rock mass. Deformation at this stage was directly associated with the dikes and can be ascribed to magma fl ow itself, such as the unidirectional dragging of foliation at the margin of dikes, and stretching and disaggregation of rafts within and parallel to the dike orientation (Fig. 10) . Magma migration requires a pressure gradient, which could be from residual regional stress differences from the waning deformation, or magma buoyancy.
Like the magma channels associated with folds, the dikes and associated structures are interpreted as representing magma extraction networks, where each dike represents a pathway fed by leucosomes or mobile diatexite in the surrounding mass, converging and migrating northward at multiple scales. This interpretation is based on the trend of the magma sheets combined with unidirectional features, such as leucosome networks funneling northward, and the dragging of preexisting layering to the north, features that are interpreted to mark dike roots (Fig. 10) . North-directed migration was inferred based on two-dimensional indicators (see also Weinberg and Mark, 2008) on dominantly horizontal planes and represents a projection onto the outcrop of the true fl ow vector. This N-directed fl ow gave rise to the long schlieren, commonly at dike margins, and the splitting of the schliere in Figure 10D around the quartz clast is interpreted to record the squeezing out of most of the magma in a channel, impeded locally by the presence of the clast. The metric pocket of leucogranite within the diatexite in Figure 10A is interpreted to mark a magma pool from which some mobile magma was extracted northward by the funnel-shaped root. This magma fl ow caused stretching and shearing of the equidimensional schollen.
Sediment Dewatering Structures: An Analogue to Late-to Postkinematic Magma Extraction
The late-to postkinematic features of magma extraction have a number of features in common with dewatering structures in sediments (Fig. 15) . The comparison is warranted by the physical similarity between the systems: both represent remobilization of a solid by movement of interstitial fl uid responding to pressure gradients. A fundamental difference between the two is that any melt remaining in the system is eventually solidifi ed to form granitic rocks.
Like the interpreted magma drainage features, sediment dewatering channels form at high angle to bedding, break up, and transpose bedding by dragging, rotating, and deforming sand layers (Figs. 10 and 15 ). Sand blocks form coherent but folded blocks and may also be broken down to schlieren, leading to partial homogenization of the matrix by the mixing of sand grains with mud. Flow channels merge and narrow upward, forming a funnel-shaped root zone (Fig. 15) .
We suggest that the larger-scale features recorded in the migmatites at Six Mile Lagoon are essentially similar to those recorded by sediment dewatering, where a liquid escapes on July 8, 2013 gsabulletin.gsapubs.org Downloaded from the interstices between solids and liquefi es the system, breaking up more coherent masses into rafts and giving rise to an interlinked funnel-shaped network of channels that drain magma (Figs. 10 and 15) . The different length scales relate directly to grain size, the strength of coherent layers, liquid viscosity, and differences in pressure gradients. Magmatic systems typically have large grain size, and higher liquid viscosity, therefore requiring larger-scale fl ows and channel widths for magma to escape efficiently and disaggregate the original rock. The similarity in raft behavior suggests that the ratio between fl ow drag acting on the blocks and block coherence is similar in the two systems.
In summary, during folding, the hinges of anticlines acted as natural funneling paths for magmas, providing the starting points for dikes (Fig. 6) . In contrast, during transtensional shearing, diatexites formed, possibly because deformation was conducive to magma accumulation rather than escape (Fig. 9) . Finally, in the absence of a strong stress fi eld as transtensional deformation was waning, melt self-organized into magma extraction channels rooted in funneling leucosomes, driven either by residual pressure differences at large scale and related to previous deformation, or driven by magma buoyancy (Fig. 10) . Structures that formed in the magma source in this case are similar to those related to sediment dewatering (Fig. 15) . 
